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ABSTRACT
In this thesis, we develop a 3-D analytical model for the eddy current loss in the
permanent magnet for a permanent magnet synchronous machine with a rated
power of 1 MW and an efficiency of 97%. In order to achieve an ambitious power
density of 8 hp/lb, which is twice the state-of-the-art value, the machine uses an air
cooled system for reducing weight. This thesis will predict the eddy current loss
in the permanent magnet in the rotor and validate the prediction through a finite
element method to make sure the machine will be able to work reliably under
rated load. The optimal number of permanent magnet axial laminations will also
be determined in this thesis.
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CHAPTER 1
INTRODUCTION
1.1 Background
In recent years, the aviation industry has grown dramatically. In 2011, 46 million
tons of freight and 2.8 billion people were transported through the air. Moreover,
aviation is expected to transport 400 million tons of cargo and 16 billion passen-
gers in 2050 [2].
To meet the needs of the exponential growth in the aviation industry, the state-
of-the art aircraft engines are expected to be stronger, safer, greener and more
efficient. As a result, massive research is conducted trying to replace the hy-
draulic and pneumatic systems by their electric counterparts. In this “more elec-
tric aircraft” (MEA) trend, electric power generation systems play the key role [3].
However, it is still too early for full-electric flight since the battery and fuel cell
technologies are not mature enough to provide needed energy [4–7]. Therefore,
an intermediate hybrid system is considered. For this purpose, permanent magnet
machines with a high efficiency and high power density are promising.
For efficiency and reliability, it is very important to keep the electric system
clean and light. Therefore, instead of having complex cooling technology, air
cooling is preferred. Current hybrid electric UAV flight uses high-efficiency air-
cooled motors with power density of 2.5 hp/lb, and motors with a power density of
4.0 hp/lb are being developed. This thesis focuses on the design of an air-cooled
synchronous PM machine with a rated power of 1 MW and a power density of 8
hp/lb.
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1.2 Motivation
Permanent magnet machines have the advantages of high power density and ef-
ficiency. Due to these advantages, they are more and more popular in various
fields including electric vehicles, power generation and aircraft [8]. Thus, an ac-
curate loss model for the machine is essential to predict efficiency and machine
temperature at rated load, thereby ensuring safe operation of the motor [9].
There are many kinds of losses, such as copper loss, iron loss, eddy current
loss etc. Among them, the eddy current loss in the motor conductive parts can
cause serious problems. For instance, eddy current loss in the permanent magnet
can raise the magnet temperature significantly and lead to demagnetization of the
permanent magnet during operation, which will dramatically reduce the machine
performance. Thus, an accurate eddy current loss calculation model is needed.
However, unlike other kinds of losses, eddy current loss cannot be estimated
using 2-D finite-element analysis (FEA) since the axial lamination needs to be
considered to estimate the eddy current loss in the permanent magnet. On the
other hand, a full 3-D time stepping or position stepping finite element method
can be very time consuming. A more efficient way of calculating the eddy current
loss is preferred. Therefore, in this thesis, a 3-D analytical model of the permanent
magnet is developed and validated by a 3-D finite element method. An optimal
number of permanent laminations is found to reduce the eddy current loss.
1.3 Problem Definition
In this thesis, the eddy current is analyzed and calculated on the permanent mag-
net in the PM synchronous machine with a rated power of 1 MW and a rotational
speed of 18,000 RPM. The machine stator winding is supplied by a 3 kHz AC cur-
rent with a current density of 7 A/mm2. Table 1.1 shows more related parameters
of the machine.
Figure 1.1 shows a cross-section of the proposed PM synchronous machine.
Unlike a conventional motor, this machine adopts an inside-out design with an
outer rotor and inner stator. The inner stator consists of three main parts: the high
frequency coil which is the orange layer in the figure, the stator yoke which is one
layer below the coil and the heat sink which is the large volume underneath the
stator yoke. There are no stator teeth on the stator to reduce the machine weight
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Table 1.1: Key parameters of the PM synchronous machine. Reproduced with
permission from professor Kiruba Haran
key parameters Values
rated power 1 MW
rated efficiency 97.4%
specific power 15 kW/kg
total machine weight 144.2 lbs
machine active weight 75.7 lbs
sync. reactance 0.06 p.u.
insulation class H
nominal speed 15,000 RPM
line to line voltage 650 VRMS
DC bus voltage ±500 V
Cooling Forced air, 20 m/s
and improve heat extraction. Moreover, the heat sink is directly attached to the
winding through the stator yoke for even better heat dissipation.
The outer rotor has an outer diameter of 10.8 in and an active length of 8.8 in.
It consists of three main parts: the permanent magnet which is the white blocks
outside stator winding, the titanium shell and the outermost carbon fiber retaining
ring. There are 20 poles in the rotor, each containing 6 segmented neodymium
boron iron (NdFeB) permanent magnet blocks, which follows the Halback array
configuration. The airgap between the stator winding and the rotor PM directly
connects with the outside of the entire machine, which provides the only source
of heat dissipation of the permanent magnet.
In this thesis, we will calculate the eddy current loss in the permanent mag-
net using two numerical methods: analytical and finite element. The analytical
method will first be applied and the eddy current loss predicted. Then the result
will be validated through the finite element calculation. Last, the error will be
discussed accordingly.
3
Figure 1.1: Cross-section of the proposed PM synchronous machine.
Reproduced with permission by Yuanshan Chen.
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CHAPTER 2
EDDY CURRENT LOSS IN THE
PERMANENT MAGNET
2.1 Eddy Current Loss
Eddy currents (also called Foucault currents [10]) are closed-loop currents in the
conductors induced by the changing magnetic field through the conductor. The
eddy current follows Lenz’s law, which says: The direction of current induced in
a conductor by a changing magnetic field due to Faraday’s law of induction will
be such that it will create a field that opposes the change that produced it. Figure
2.1 better illustrates the generation of eddy current. Mathematically, this can be
described as follows:
∇×E =−∂B
∂ t
(2.1)
Figure 2.1: Induced eddy current
The changing magnetic field can be created either by having a relative motion
between the magnetic field and the conductor or having a changing magnetic field
on the conductor. The eddy current can have two major effects:
• The eddy currents generate their own field opposing the source magnetic
field. One application is eddy current braking in the induction machine
[11].
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• The closed-loop eddy currents generate ohmic heat in the conductor which
can be used as a heat source. However, in the electric machines, this heat is
considered as a source of loss.
2.2 Eddy Current Loss in Permanent Magnet in PM
Synchronous Machine
In a PM synchronous machine, the stator winding supplied by a three-phase AC
current will generate a rotational magnetic field. The fundamental spatial com-
ponent of this field rotates synchronously with the rotor magnetic poles during
PMSM operation. The will cause no eddy current loss in the rotor theoretically
[12]. However, the teeth of the stator (for the PMSM in this thesis, this part does
not exist) and the slot of the magnet segments of the rotor will produce spatial har-
monics in the magneto-motive force which induces eddy current in the permanent
magnet [13, 14]. Because of the high electrical conductivity of the rare earth per-
manent magnet, eddy current can generate losses large enough to raise the magnet
temperature, which may cause the demagnetization of the magnets and machine
operation failure [15, 16].
2.3 Skin Effect
The circulation of the eddy current is not uniformly distributed in the conductor.
The current density around the edge of the conductor is significantly higher than
that in the center. This decrease of the current circulation is known as the skin
effect, and skin depth is a measure of the depth at which the current density falls
to e−1 (37%) of its value near the surface [17]. The skin depth, δ , can be further
quantified as follows:
δ =
1√
pi fµσ
(2.2)
As can be seen from the above equation, at high frequencies, the skin depth
can be very small, which will trap eddy current in a much smaller volume and
generate more losses.
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CHAPTER 3
ANALYTICAL METHODS
3.1 Analytical Model
According to Lenz’s law, we have:
∇×E =−∂B
∂ t
(3.1)
Applying the above equation to the closed-loop eddy current in the conductor, we
have:
Rieddy =−dφdt (3.2)
where R is the equivalent resistance of the eddy current loop, ieddy is the eddy
current in the conductor, and φ is the magnetic flux linkage in the conductor.
3.1.1 Back-electromotive force calculation
Since the stator winding is supplied with 3-phase sinusoidal current, the space
harmonics seen by the permanent magnet are also sinusoidal. Thus, the magnetic
flux linkage can be written as:
φ =Φcos(ωt) (3.3)
where Φ is the magnitude of the magnetic flux linkage and ω is the stator current
angular frequency. Thus, the back-electromotive force can be written as:
em f =−dφ
dt
= ωΦsin(ωt) = ωBAsin(ωt) (3.4)
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where B is the magnetic flux density in the conductor and A is the conductor
cross-section area perpendicular to the magnetic field.
Figure 3.1: One segment of permanent magnet in the rotor [1]
Figure 3.1 shows one segment of the permanent magnet in the rotor, where lax
is the axial length of the magnet, hpm is the magnet radial depth, and lcir is the
circumferential length of the magnet.
Thus, we have:
em f = ωBlaxlcirsin(ωt) (3.5)
3.1.2 Equivalent resistance
The induced eddy current will circulate in the flat plane (illustrated in Figure 3.2)
perpendicular to the hpm direction. In our motor design, the circumferential length
of the PM is very small compared to the skin depth (δ ). Detailed calculation will
be demonstrated in section 3.2. Therefore skin depth is only considered in the
axial direction.
Figure 3.2: Cross-section of the PM perpendicular to the radial depth
As can be seen from Figure 3.2, the relative resistance consists of two parts: the
axial component and the circumferential component which can be calculated as
using the following equations:
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R1 = 2ρpm
lcir
δhpm
(3.6)
R2 = 2ρpm
lax
lcirhpm
(3.7)
where R1 refers to the equivalent resistance in the circumferential direction and
R2 refers to the equivalent resistance in the axial direction. The total equivalent
resistance of the circulating eddy current is the sum of the two components since
they are connected in series:
R= R1 +R2 = 2ρpm(
lcir
δhpm
+
lax
lcirhpm
) (3.8)
3.1.3 Eddy current loss
Once we have the back-electromotive force in the PM and the eddy current e-
quivalent resistance, the eddy current loss per magnet segment can be calculated
as:
peddy =
1
2
E2
R
=
ω2B2l2axl2cir
4ρpm( lcirδhpm +
lax
lcirhpm
)
(3.9)
Since the above equation only calculates the eddy current loss caused by one
spatial harmonic, the total loss will be the summation of every single harmonic in
the frequency spectrum, which is written as:
Peddy =∑
k
ω2kB
2
k l
2
axl
2
cir
4ρpm( lcirδhpm +
lax
lcirhpm
)
(3.10)
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3.2 Magnetic Field Spatial Harmonics
3.2.1 Model setup
In order to find the outstanding magnetic field spatial harmonics in the frequency
spectrum, a 2-D model is made using Flux-2D software. Instead of modelling
the entire machine, only one pole is constructed and analyzed. As can be seen in
Figure 3.3, the dark blue rectangles are the stator yoke, the red ones refers to the
stator winding, the pink area corresponds to the permanent magnet, the green layer
is the Inconel shell and the narrow light blue stripe between the stator winding and
the permanent magnet is the air gap. The machine has 20 poles so this one pole
has an angle of 18 degrees and contains exactly one Halbach array combination
which consists of six segments of permanent magnet.
Figure 3.3: One pole of the machine model
For the analytical model, we are trying to be very conservative about the predic-
tion. Therefore, an arc path closed to the airgap in the permanent magnet, shown
in Figure 3.4, is created. The orange line refers to the path. In order to be more
efficient in the solving process, only three points, which are evenly distributed on
the path, are selected, since what we care about is the change of magnetic flux
density with respect to time instead of space.
3.2.2 Solving process
The solving scenario is set according to the rotor angle instead of time. For a more
accurate result, the system is calculated every 0.01 degrees which leads to 1800
points for 18 degrees. After the rotor rotates 18 degrees, the machine experiences
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Figure 3.4: Created path for calculating the magnetic field in the PM
half a period of stator current and the other half period will just be the mirror image
of the current magnitude along the x-axis. Therefore, for efficiency reasons, half
period is enough for analysis.
After the scenario is solved, a 3-D curve of the magnetic flux density along the
created path is plotted as shown in Figure 3.5
Figure 3.5: Magnetic flux density 3-D curve
Obviously, the vertical axis is measuring the magnetic flux density on the select-
ed path at different times or, in our case, rotor positions. The U PATH1 axis refers
to the change in space. Since we only included 3 points on the path, the curve ap-
pears in a triangular form instead of a sinusoidal wave. The V ANGPOS ROTOR
axis corresponds to different rotor angles at the same time. Just like what we
discussed previously, the rotor will rotate synchronously with the stator curren-
t excitations, and the magnetic field should be constant at the same point of the
permanent magnet. This curve agrees with what we just predicted. If we remove
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the U PATH1 axis, we can tell that the curve becomes a straight line with some
minor ripples caused by the space harmonics from the geometric discontinuity of
the magnet segments. Figure 3.6 gives a better visualization of the curve, and the
analysis is focused on the ripples that appear in the curve.
Figure 3.6: Magnetic flux density 3-D curve
3.2.3 Post process and frequency spectrum
After we remove the U PATH1 axis from the 3-D curve and zoom in on the curve,
we can see a graph shown in Figure 3.7.
Figure 3.7: Magnetic flux density 2-D curve
Then the DC part, which we do not care about, is removed. At last, after we do
an FFT based on the new graph, the harmonics spectrum is shown in Figure 3.8.
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Figure 3.8: Spatial harmonics of the magnetic flux density on the PM
3.3 Compute the Eddy Current Loss Considering Skin
Effect
In this chapter, the eddy current loss is computed using the analytical model de-
rived from section 3.1 and the spatial harmonics data from section 3.2. Table 3.1
shows the key parameters needed for the analytical model.
Table 3.1: Analytical model key parameters
Parameters Values
Machine active length (Lax) 0.224 m
Number of PM segments q
Axial length per PM segments (lax) Lax/q
PM radial depth (hpm) 0.125 m
PM circumferential length (lcir) 0.0076 m
Electrical frequency ( f ) 2500 Hz
PM resistivity (ρ) 1.6E-6 Ω.m
PM conductivity (σ ) 6.67E5 S/m
Permeability of free space (µ0) 1.257E-6 mkgs−2A−2
relative permeability (µr) 1.05
The skin depth of the fundamental frequency can be calculated as:
δ =
1√
pi fµσ
= 12mm (3.11)
Since the skin depth of the fundamental frequency is greater than the PM radial
depth, the radial skin effect can be neglected. Using the derived math model
from section 3.1, and taking the rotor PM lamination into consideration, the eddy
13
current loss per magnet can be calculated as:
Peddy =∑
k
ω2kB
2
k l
2
axl
2
cir
4ρpm( lcirδkhpm +
lax
lcirhpm
)
=∑
k
ω2kB
2
kL
2
axl
2
cir
4ρpmq2( lcirδkhpm +
Lax/q
lcirhpm
)
(3.12)
The total loss is:
Ptotal = qPeddy (3.13)
The eddy current loss is calculated and plotted with respect to the magnet axial
lamination number. As can be seen in Figure 3.9, the eddy current loss is predict-
ed to be 171 W without lamination and is reduced dramatically in the first few
laminations. However the decaying rate dies out as we increase the number of
laminations further and it reaches a bottleneck at 12 laminations.
Figure 3.9: Eddy current loss vs. PM lamination number
Moreover, this is a very conservative analytical model since the magnetic flux
density is measured near the surface of the PM where it has the highest intensity.
The real loss should be less than the predicted value. The analytical model gives
the result that the magnet lamination will be optimized at 12 segments, which has
an eddy current loss of 75 W.
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CHAPTER 4
FINITE ELEMENT METHOD
4.1 Finite Element Method Model and Calculation
Similar to chapter 3, the finite element method starts with the same model. In
order to calculate the energy loss in the magnet, the magnet segments are added
to the original electric circuit, which has solid conductors connected in series. A
1000 Ω resistor is also included in series with the magnet to indicate an open
circuit. Figure 4.1 clearly illustrates the added magnets.
Figure 4.1: Electric circuit of FEA model
A sensor is attached to each permanent magnet region in the model to measure
the energy loss during the solving process. The same solving scenario is executed.
After half an electric period of the machine operation, the energy loss curve is
shown in the six graphs in Figure 4.2 to Figure 4.7 for the six magnet segments.
Figure 4.2: Energy loss in PM1
Figure 4.8 shows the summation of the loss from these six segments, which is
the total energy loss of one pole of the machine. Since there are 20 poles in total,
the energy loss in the permanent magnet of the whole machine is 20 times that in
the figure. The value is calculated to be 25.4 W on average.
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Figure 4.3: Energy loss in PM2
Figure 4.4: Energy loss in PM3
4.2 Discussion
The eddy current loss was predicted to be 75 W from the analytical model while
the finite element method calculates the loss to be 25 W. Even though the analyti-
cal prediction turns out to be much larger than the simulated results, the outcome
is acceptable since the analytical model gives a very conservative prediction. Not
only is the magnetic flux density measured at the permanent magnet surface where
it has the highest intensity, but also the point is selected at the peak of the sinu-
soidal excitation along the selected path which gives the most ripple at all places.
Fortunately, both models show that the eddy current loss is very small compared
to the machine rated power of 1 MW. The final result shows that the magnet lam-
ination saturates at 12 segments.
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Figure 4.5: Energy loss in PM4
Figure 4.6: Energy loss in PM5
Figure 4.7: Energy loss in PM6
Figure 4.8: Energy loss in one pole of the machine
17
CHAPTER 5
CONCLUSION
5.1 Conclusion
In this thesis, we successfully constructed an 3-D analytical model for the high-
speed, high-power density permanent magnet synchronous machine based on Lenz’s
law. The model created in Flux-2D is functioning well. The 3-D curve plotted in
the scenario showed a sinusoidal pattern along the magnet circumferential edge
which matches the stator coil current excitation. The curve behaves similar to a
straight line according to the change of rotor position angle, which indicates the
magnet will see an almost constant magnetic field at synchronous speed. The
ripple on the curve is observed which is caused by the space harmonics induced
by the geometry discontinuity of the permanent magnet. Based on the data ac-
quired from the Flux-2D model, the eddy current loss is predicted after making a
spectrum analysis on the magnetic flux density ripple.
The prediction was compared with a finite element method calculation and
turned out to be larger, which agrees with the conservative assumption. The ma-
chine magnet lamination is also optimized at 12 segments.
5.2 Future Work
The analytical prediction is not very accurate to the finite element calculation. In
the future, instead of taking data from one single path in the magnet, multiple
paths should be created and the analytical model should be an integration of all
the results. Thus, we can have a more accurate prediction rather than a very con-
servative one.
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